Streptococcus pneumoniae is a major human pathogen causing pneumonia, bacteremia, meningitis, and otitis media (6) (7) (8) (9) . Presently, a 23-valent pneumococcal polysaccharide vaccine is available for use in adults, and a 7-valent S. pneumoniae capsular polysaccharide (PnPs) protein conjugate vaccine, Prevnar/Prevenar, is available for use in infants (27) . Several other vaccine formulations are in clinical trials (16) (17) (18) . Evaluation of new vaccines and extension of serotype coverage requires quantitation of anti-PnPs antibody response with a standardized method and reference serum (11, 12) . Anti-pneumococcal standard reference serum lot 89-S (lot 89-S), prepared from adult sera postimmunization with a 23-valent PnPs vaccine, was previously characterized for quantitating anti-PnPs antibodies to serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F (19, 20) . This standard reference preparation has been used for quantitation of serotype-specific antibody to S. pneumoniae in both adult and pediatric sera in numerous clinical trials (2, 5, 13-15, 21, 25) . Lot 89-S is available from the Center for Biological Evaluation and Review (CBER) as United States standard reference serum lot 89-SF.
The usefulness of the pneumococcal standard reference serum lot 89-S for vaccine trial evaluation is now extended through the assignment of weight-based antibody values for 13 additional PnPs serotypes (2, 6A, 8, 9N, 10A, 11A, 12F, 15B, 17F, 19A, 20, 22F, and 33F) and for the S. pneumoniae cell wall polysaccharide (C-Ps). The new antibody assignments were made by using an enzyme-linked immunosorbent assay (EIA)-based equivalence of absorbance method suggested by Concepcion and Frasch for cross-standardization (3) . To confirm the accuracy and consistency of the new assignments, a panel of adult sera were quantitated for total immunoglobulin (Ig), IgG, IgM, and IgA antibodies to PnPs serotype 19A by EIA using the newly assigned concentration of serotype 19A antibodies.
MATERIALS AND METHODS

Sera.
The human antipneumococcal reference standard serum lot 89-S was prepared by pooling 17 high-titer sera as described previously (20) . Briefly, plasma units were obtained from 68 adult human donors following immunization with a 23-valent PnPs vaccine (PNU-IMUNE; Lederle), a meningococcal polysaccharide vaccine (MENOMUNE; Connaught), and a Haemophilus influenzae type b conjugate vaccine (ProHIBIT; Connaught). Relative antibody titers to 12 serotype-specific PnPs (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19F, and 23F) were determined by EIA. Plasma from the 17 individuals showing the highest antibody titers to a majority of the serotype-specific PnPs were pooled, defibrinated, and filtered. Adult sera used for the study whose results are given below (see Fig. 2 ) were obtained from 18 to 60 year olds pre-and postimmunization with a 23-valent PnPs vaccine (PNU-IMUNE).
PnPs. Antigens for coating or competition purposes were obtained from the American Type Culture Collection (ATCC; Manassas, Va.) for PnPs serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F Purified C-Ps was obtained from Statens Serum Institut (Copenhagen, Denmark). PnPs for serotype 6A was obtained from Wyeth.
PnA. Pneumococcal absorbent (PnA) is a preparation of soluble components, including C-Ps, from a serotype-specific capsule-negative variant (CSR-II) of S. pneumoniae, as previously described (20) . Human sera were absorbed with PnA to remove anti-C-Ps antibodies present in the sera. This absorbent was not used in the anti-C-Ps EIA (i.e., when quantitating anti-C-Ps antibodies).
Anti-PnPs EIA. The anti-PnPs EIA was performed as previously described (20) . The antigens , PnPs serotypes 2, 6A, 8, 6B, 9N, 10A, 11A, 12F, 14, 15B, 19A,  17F, 20, 22F, 33F , and C-Ps, were diluted in sterile water for irrigation (KendallMcGraw Laboratories, Inc., Irvine, Calif.) and stored at Ϫ20°C as 1-mg/ml stocks. One-hundred microliters of the optimal coating concentration of PnPs (1 g/ml for PnPs 14, 15B, 20, and 33F; 2 g/ml for PnPs 2, 9N, 11A, 12F, and 17F; 5 g/ml for PnPs 6A and 8; and 10 g/ml for PnPs 6B, 10A, 19A, and 22F) or C-Ps (10 g/ml) per well was used to coat (separately) NUNC C-IT polystyrene 96-well EIA plates (catalog no. 4-46140) for 5 h at 37°C in sterile phosphatebuffered saline (PBS) with azide and was stored at 4°C for use within 30 days. A 1:50 dilution of lot 89-S was absorbed with 2.5 g of PnA (lot B or C) per ml for 30 min (except in the anti-C-Ps EIA, where lot 89-S was not absorbed). EIA plates were washed between each step by a 30-s soak and five wash cycles with 200 l of PBS-0.1% Tween 20 per well. Fifty microliters of twofold serial dilutions of lot 89-S per well was added to washed antigen-coated plates, and the plates were incubated for 2 h at room temperature. Fifty microliters of the optimal dilution of the appropriate enzyme conjugate (alkaline phosphataselinked goat anti-IgG, -IgM, -IgA or total Ig conjugate) (Biosource) per well was incubated for 2 h at room temperature. One-hundred microliters of a 1-mg/ml concentration of p-nitrophenyl phosphate in diethanolamine-MgCl 2 buffer, pH 9.8, was added to all wells for 1 h. The reaction was stopped by the addition of 50 l of 3 N NaOH per well. Absorbance readings were obtained with dualwavelength readings at 405 nm (experimental) and 690 nm (reference) on a microtiter plate reader (model EL 403H; Biotek).
Intraplate and interplate variation of anti-PnPs EIA. The intraplate variation of each anti-PnPs serotype-specific EIA was evaluated by performing the antiPnPs EIA with the dilution of lot 89-S which yielded an absorbance reading of 1.0 under the assay conditions in 92 of the 96 wells, and with buffer in four assay control wells of three separate coated EIA plates. The intraplate coefficient of variation (CV) was determined from the mean of the 92 wells for each of the three plates and was averaged for the three plates to yield the interplate CV.
Specificity of the anti-PnPs EIA. Competitive inhibition EIA was performed as described above for the standard anti-PnPs EIA, with the following modification. Dilutions of lot 89-S giving an absorbance of 1.0 in each separate anti-PnPs EIA were preabsorbed with a 10.0-, 1.0-, 0.1-, or 0.01-g/ml concentration of the homologous or heterologous pneumococcal polysaccharide serotype 2, 6A, 8, 9N, 10A, 11A, 12F, 15B, 17F, 19A, 20, 22F, or 33F or with buffer alone, and 2.5 g of PnA per ml, for 30 min at 37°C. After preincubation with the competitor, 50 l of the dilution of lot 89-S was added to each antigen-coated well and the anti-PnPs EIA was performed. Percent inhibition is calculated based on the comparison of the absorbance obtained in the anti-PnPs EIA using lot 89-S with or without preincubation with competitor polysaccharide.
EIA quantitation method for assigning antibody values. The method for quantitating antibodies is based on equivalence of absorbance between a reference EIA and the anti-PnPs EIA when performed in parallel under identical assay conditions, including buffers, enzyme conjugate dilutions, and incubation times and temperatures (20) . The reference EIA used to previously quantitate lot 89-S for serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F was an antibody-capture EIA in which the immunoglobulin molecules in the human reference serum preparation, USNRP IS 1644, were captured by goat antihuman light-chain-specific reagents. Anti-PnPs serotype 6B EIA was used here as the reference assay to quantitate total Ig, IgG, IgM, and IgA antibodies to pneumococcal serotypes 2, 6A 8, 9N, 10A, 11A, 12F, 15B, 17F, 19A, 20, 22F, and 33F in lot 89-S. Assignments were made by comparing the endpoint dilutions of lot 89-S at 0.3 optical density (OD) units, as determined from a logarithmic regression of the reciprocal of serum dilution versus the OD, in the anti-PnPs reference (serotype 6B) and experimental EIAs. Anti-PnPs serotype 6B antibody assignments in lot 89-S are 24.3, 16.9, 3.0, and 1.5 g/ml for Ig, IgG, IgM, and IgA, respectively (20) . Antibodies to pneumococcal serotype 14, with previously assigned quantities in lot 89-S, were quantitated concurrently (in the anti-PnPs serotype 14 EIA) to assure accuracy.
RESULTS
To assure precision in making new serotype reference assignments to standard reference serum lot 89-S, each serotypespecific anti-PnPs IgG EIA and the anti-C-Ps IgG EIA were examined for the consistency of results. The variability of each EIA performed in three microtiter plates on a single day was determined by using the dilution of lot 89-S yielding an absorbance of 1.0 in each serotype assay. The interplate and intraplate CV for each anti-PnPs IgG EIA and the anti C-Ps IgG EIA ranged from 3.8 to 8.6%, demonstrating acceptable consistency of performance variables in the EIA for the additional PnPs serotypes.
The specificity of lot 89-S binding with the 13 additional PnPs serotypes was examined by using competitive inhibition of binding in each EIA with 10-fold serial dilutions of competitor polysaccharide. The standard reference serum binding was 20 , 22F, and 33F) were assigned to lot 89-S from the mean of eight separate determinations in anti-PnPs EIA for each serotype, using the anti-PnPs serotype 6B EIA as the reference EIA ( Table 1 ). The sum of the mean values for IgG, IgM, and IgA from eight separate determinations for each of 12 serotypes correlated well with the mean value for experimentally determined total Ig (also from eight separate determinations); the Ig isotype sums ranged from 80 to 114% of the total Ig anti-PnPs values. The variability of individual PnPs serotype-specific antibody assignments is comprised of two components, the variability of the reference EIA (i.e., serotype 6B EIA) and the experimental serotype EIA. The mean CV for each of the twelve PnPs serotype-specific EIAs (not including the separately determined anti-PnPs serotype 6A and C-Ps EIA) are 27.9% for total Ig, 19.4% for IgG, 29.4% for IgM, and 20.0% for IgA. The CV for anti-PnPs serotype 6A and C-Ps IgG are 4.8 and 7.2%, respectively. This is an acceptable level of variability in the anti-PnPs EIA used to quantitate serotype-specific antibodies. The overall average ratio for the sum of IgG, IgM, and IgA with the 12 PnPs serotypes relative to the total Ig was 95% Ϯ 10%, demonstrating cumulative agreement among the independent isotype determinations. This suggests that the assignments to each of the four independently determined Ig and isotype values did not show any bias and that the values were consistently assigned.
To validate the accuracy of the new assignments to lot 89-S, the anti-PnPs serotype 14 EIA assay was performed concurrently with the anti-PnPs experimental EIA ( Table 2) Table 3 . The mean anti-PnPs serotype 14 IgG values were within 7 and 13% of the previously assigned values when run concurrently with the anti-C-Ps and anti-PnPs serotype 6A test EIA, respectively.
The cross-standardization method for quantifying antibodies requires parallelism (i.e., similar slopes) for the anti-PnPs reference and experimental EIA (3). To examine for similarity of slopes, log-log linear regression analyses (absorbance versus reciprocal dilution) were performed for the anti-PnPs serotype 6B reference EIA and additional serotype experimental EIA. In Table 4 , the mean slope for the anti-PnPs serotype 6B EIA is compared to the overall mean of the average slopes for the group of 12 additional PnPs serotypes. There was good agreement in the slopes of the reference and experimental EIAs, as indicated by the relative difference of Յ9% for each Ig isotype and total Ig.
In consideration of assay variability and ease of use, the antibody levels assigned for the 13 PnPs serotypes and for C-Ps were rounded to the nearest tenth of a microgram per milliliter and are listed in Table 5 . To demonstrate the use of and to further validate the new assignments, one serotype was chosen for further analysis. Thirty serum specimens from immunized and nonimmunized adults were evaluated in anti-PnPs serotype 19A EIA for total Ig, IgG, IgM, and IgA antibodies using the new assignments given to lot 89-S. Linear regression parameters from these analyses yielded mean slopes for the adult sera equal to Ϫ0.93 Ϯ 0.08, Ϫ0.81 Ϯ 0.10, Ϫ0.76, Ϯ 0.07, and Ϫ0.88 Ϯ 0.09 for total Ig, IgG, IgM, and IgA, respectively. These mean slopes compared favorably to mean slopes for pneumococcal standard reference serum lot 89-S in the antiPnPs serotype 6B EIA (Table 4 ). The sum of IgG, IgM, and IgA concentrations for each adult sample was compared to the corresponding total Ig value by linear correlation analysis (Fig.  2) . The resulting slope (0.871) and correlation coefficient (r ϭ 0.947) indicated near equivalence and a good linear correlation between the sum of individual immunoglobulin isotype components and total Ig over a broad range of values, as determined by using the anti-PnPs serotype 19A assignments in lot 89-S.
DISCUSSION
Pneumococcal antibody concentrations in standard reference serum lot 89-S for 11 of the 23 pneumococcal serotypes present in the current PnPs vaccine formulations were reported previously by Quataert and coworkers (20) . This information has provided the basis for numerous assessments of vaccine performance (12, 21, 27) . Herein, we extend this information by reporting antibody values for the 12 additional PnPs serotypes in the 23-valent PnPs vaccines, plus values for serotype 6A and for C-Ps. While PnPs serotype 6A is associated with a substantial portion of disease, it is not present in the present PnPs vaccine formulations, where serogroup 6 coverage is provided by the more stable PnPs serotype 6B (26) . Anti-C-Ps antibodies were also quantitated, because development of new vaccine approaches may require serologic analysis for C-Ps antibodies.
Our goal was to ensure that the 13 additional anti-PnPs serotype and anti-C-Ps assignments were consistent in character and weight-based unitage with the prior 11 assignments (12, 20) . The equivalence of absorbance in the EIA method used to assign weight-based antibody units to the first 11 PnPs sero- Because the equivalence of absorbance in the EIA quantitation method relies on the constancy of all assay parameters in the experimental and the reference assays (i.e., incubation times, temperatures, equilibrium kinetics, and all reagents), an anti-PnPs EIA is an ideal choice for the reference EIA. This cross-standardization approach has been supported in other studies (3, 22, 23) . To assure that the anti-PnPs EIA quantitation method was providing assignments consistent with the previously determined antibody assignments in lot 89-S, the anti-PnPs serotype 14 EIA was run concurrently with the PnPs serotype and C-Ps EIAs. The experimentally determined control values for anti-PnPs serotype 14 antibodies were within 11% of the previously assigned values, except for IgM, where the relative difference was about 26%. However, IgM was the least abundant isotype, and IgM assays are generally less precise than other Ig isotypes due to avidity differences to antigen, as evidenced by lower slopes in titration (1, 24) . Parallelism in titration of lot 89-S between the anti-PnPs 6B reference EIA and each serotype-specific anti-PnPs EIA for the isotypes is an important parameter for the accuracy of the antibody assignment. While the slopes obtained from new antiPnPs EIA assays measuring IgM (mean ϭ Ϫ0.74) were lower than those of the other isotypes, the mean slope was consistent with the anti-PnPs serotype 6B IgM reference EIA slope (mean ϭ Ϫ0.77) and with the previous anti-PnPs IgM EIAs, ranging between Ϫ0.70 and Ϫ0.80 (20) . This apparent differential in IgM antibody binding kinetics may be influenced by the multivalency of binding sites in both the antibody and the pneumococcal polysaccharide antigen target.
The method used in this report has been validated according to ICH guidelines for analytical assays (10) . Critical reagents such as antigens, EIA microtiter plate, and secondary enzyme conjugates have been qualified to ensure consistent EIA performance and specificity. Most importantly, the concurrent assessment of anti-PnPs serotype 14 antibodies bridges to the prior quantitative results for the same standard reference serum. Further confirmation of the accuracy of the assignments was demonstrated with the serum specimens from adults, where serotype 19A antibodies were quantitated. The reliability of the assignments was important to confirm, as lot 89-S will continue to be used as an internationally available reagent for assessment of antibody levels in serum specimens from vaccine clinical trials.
Antibodies in pneumococcal standard reference serum lot 89-S are highly specific. However, serum from nonimmunized individuals may bind to any ionically charged PnPs serotype in EIA. These antibodies do not appear to be functional in opsonophagocytic assays. Immunization with PnPs or conjugate vaccines induces serotype-and/or serogroup-specific antibody responses to the vaccine components and does not increase the proportion of nonspecifically binding antibodies. However, it should be noted that universal absorbents may not be appropriate if new candidate vaccines contain such contaminants. Any charged heterologous PnPs, such as PnPs 22F, when added as an absorbent to sera can increase serogroup specificity (4). Therefore, we recommend absorbents such as PnPs 22F be used to absorb heterologous binding antibodies in specimens where required. Only absorbents for C-Ps, such as PnA, should be added to lot 89-S, as other absorbents may affect weight-based assignments. These assignments appear rugged with respect to different sources and purity of C-Ps. Concepcion and Frasch confirmed Quataert and coworkers' assignments, even though they used purified C-Ps and a cross-standardization method (3) . Additionally, further studies by Strong and coworkers, using a panel of pediatric sera, showed no difference in antibody assignments when the two different sources of C-Ps were used as absorbent (N. Strong, S. Quataert, J. Skuse, T. Mininni, and D. Madore, Abstr. Pneumococcal Vaccines World, abstr. 46, 1998).
The method described here for assigning anti-PnPs serotype and C-Ps antibody levels can be applied to new reference standards when this reference standard serum requires replacement (3, 22) . Such reagents provide a valuable means to compare immune status of the most common serotypes of S. pneumoniae across studies and time.
